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We review briefly the history of the νe mass since 1933, and point out how the KATRIN
experiment can resolve the mystery of the tachyonic mass indicated by the Mainz-Trotsky
experiments.
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1. Solvay Congress 1933
Many people have
wondered at the
title of this con-
ference, Particle &
Astrophysics, Quan-
tum Field Theory:
75 years since Solvay.
The people who
have access to Wiki
will quickly discover
that the first Solvay
Congress was in
1911, and this be-
ing 2008, the math
does not work out.
But the title of the
conference actually points to the Seventh Solvay Congress in 1933, and as one of
the earlier speakers pointed out, since E.O. Lawrence was at this Congress, particle
physics truly was born 75 years ago.
This Solvay Congress ’33 was notable for the offical birth of the neutrino and the
effective 4−fermion field theory. The story of the neutrino goes back to the famous
postcard (dated 4 Dec, 1930, and addressed to ‘Radioactive Ladies and Gentle-
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men’) which Pauli wrote to the physics meeting at Tu¨bingen. In this postcard,
Pauli wrote: ”‘I have hit upon a desperate remedy to save the ’exchange theorem’ of
statistics and the law of conservation of energy. Namely, the possibility that there
could exist . . . electrically neutral particles, that I wish to call neutrons, which have
spin 1/2 and obey the exclusion principle . . . The continuous beta spectrum would
then become understandable by the assumption that in beta decay a neutron is emit-
ted in addition to the electron such that the sum of the energies of the neutron and
the electron is constant... ”’(http://wwwlapp.in2p3.fr/neutrinos/anhistory.html )
Fig. 1. (a) Pauli (b) Fermi
This was indeed a bold idea, but the name
was not correct, because Chadwick discov-
ered the real neutron in February 1932. At
Fermi’s suggestion, Pauli renamed his parti-
cle neutrino (the little neutral one), and gave
a talk on his proposal at the Solvay ’33.
Fermi was at the Solvay Congress. After the
congress, he quickly wrote up a paper ”‘Ten-
tative Theory of Beta Rays”’, submitted it to
Nature (1933), but was rejected. Fortunately,
rather than be dejected, he quickly submitted it to Nuovo Cimento, and the pa-
per was published 31 Dec, 1933. In it, as well as a follow-up paper in Zeitschrift
der Physik, the famous 4−fermion effective Lagrangian for β−decay was written
down.(S Freedman lecture Fermi Centennial Symposium 2001)
Already in 1933, F. Perrin observed that the
neutrino mass had to be very much lower than
the electron mass. (Comptes Rendus 197 (1933)
1625)
2. Mainz-Troitsk result
In the intervening years, there have been a
heroic series of experiments devoted to the mea-
surement of the electron neutrino mass. The
best method is to measure the end-point behavior of the β−decay spectrum of
tritium 3H −→ 3He + e− + νe By the 4−Fermion theory, the shape of the
β−decay spectrum is dependent on the ν−mass. Fermi himself sketched the shape
of the end-point spectrum and speculated on the ‘piccolo’ vs the ‘grande’ scenario
for the neutrino mass. In the notation preferred by the experimentalists, the spec-
trum is given by (p,E are the momenta and the total energy of the electron, while
E refers to the kinetic energy, and ∆ = M ′ −M)
1
τ
=
4G2F
π3
M ′
M
∫
dE pE(∆−m− E)
√
(∆−m− E)2 −m2ν (1)
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Fig. 2. Fermi sketch end-point scenario
Precision measurement of the end-
point behavior of the tritium beta-
decay spectrum would thus give a di-
rect measurement of the νe mass. While
in the early days, the experimental er-
rors did not allow a precise determi-
nation, all results point to a small or
vanishing mass for the electron neu-
trino. It is a tribute to the unwaver-
ing determination of the small group
of nuclear physics experimentalists that
the limit on the electron neutrino mass
came down to the eV level. The latest results reported in 1998-99 were carried out
by the Troitsk group in Russia(ref 1) and Mainz group in Germany(ref 2). Their
experiments led to the startling results:
m2νe = (−1.6± 2.5± 2.1) eV 2 (Mainz)
m2νe = (−2.3± 2.5± 2.0) eV 2 (Troitsk)
}
(2)
(a: Mainz result)
(b: Troitsk result)
Fig. 3. Tritium end-point measurements by Mainz and Troitsk groups
The shape of the end-point spectrum does not conform to the parabolic shape
of a normal mass-squared neutrino. Instead, the curve appears to fit a negative
mass-squared neutrino, what my thesis advisor at Columbia had named in 1978 as
tachyon ! (Ref 4)
This unexpected result on m2ν has led to much soul-searching among both
the theorists and the experimentalists. Among the experimentalists, there is even
greater determination to accurately measure the end-point, leading to the for-
mation of the KATRIN experiment now going on at Karlsruhe. This experi-
ment involves the use of such a giant spectrometer that shipping it from the
manufacturer in Deggendorf (outside Munich) to the KATRIN laboratory site
in Karlsruhe involved a tortuous detour of about 8800 km via shipping on
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the Danube to the Black Sea port of Constanta, and then via container ship
around Europe to the North Sea port, and finally down the Rhine to Karl-
sruhe. The final transport through the village of Leopoldshafen involved the town
police & fire department escort past the narrow passageway between houses. I
urge all interested readers to go to their website and then you will appreci-
ate the enormity of the logistical undertaking in pursuing fundamental physics.
The goal of KATRIN is to measure
the electron neutrino mass down to an
accuracy of 0.2 eV . They are on target
to measure tritium decays, and are con-
centrating on the last 30 eV of the elec-
tron kinetic energy. According to their
estimate, the last 5−15 eV of the decay
spectrum corresponds to roughly 10−10
of the total decay events!
3. Tachyon Neutrino
Among theorists, there was the usual divergence of opinions. In the mainstream,
there are those who dismiss the quoted result as premature, and the tachyonic
conclusion to be impossible. Indeed, while the Particle Data Group at first did
quote the Mainz-Troitsk result as I have stated it above, after some time, they
relegated that result to a footnote, and instead cast their result as being consistent
with mνe < 2.3 eV . In the minority are those theorists willing to consider the
impossible, in the same spirit as Pauli, Fermi, Bohr and others did in the 1930’s.
In 1985, based on the data already indicated then by ITEP and others, Chodos,
Hauser and Kostelecky (ref 5) suggested that a tachyonic neutrino would obey the
pseudo-Dirac equation
iγ · ∂γ5 Ψ = mΨ (3)
And indeed, in a paper in 2001, I worked on this Chodos-Hauser-Kostelecky model
of the neutrino, and showed how the canonical quantization of this tachyonic field
theory can be carried out, with full micro-causalitya
{Ψν(~x, xo),Ψ†ν(~y, yo)}|xo=yo = γ5δ(~x− ~y) (4)
The key to that quantization is to recognize that the Fourier components of the
tachyonic field consist not only of the mass-shell tachyonic momenta with ~q 2 > m2ν ,
aThe γ5 in the equal-time anti-commutator rule implies the presence of a negative metric right-
handed neutrino component. Because of the V − A nature of the weak interaction, this negative
metric component remains sterile. Instead, its role is in forming a Nambu-Jona-Lasinio in and out
vacua. See ref 7.
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but also the transient solutions of the pseudo-Dirac equation, where ~q 2 < m2ν . These
latter modes lead to the exponential decay and run-away solutions. The canonical
quantization shows that the transients restore the micro-causality in eq.(4).
4. Analytic continuation
Fig. 4. Spectrum for Normal vs Tachyonic ν
But rather than go into the formal as-
pects of the field theory of tachyons,
what I want to show you today is
what the true end-point beta spectrum
should look like if, indeed, m2ν < 0.
When the experimentalist quote
their result for a negative m2ν , they re-
fer to the phenomenological equation
(eq.(1)), and found that the data fit the
equation better if m2ν = −1.6 eV 2. In
other words, they simply did an ana-
lytic continuation of the rate equation
and fitted it. In this talk, I want to point out in the field theory context what a
correct analytic continuation of the rate equation should be. The result of this ex-
ercise is given in the sample figure above and in full analytic form in eq.(15). But
bear with me as I go into the field theory context.
5. Survival Amplitude
Fig. 5. Cutkosky Rule for Survival Amplitude
To correctly carry out the analytic con-
tinuation, we should go back to the ori-
gin of the decay rate formula. In mod-
ern field theory language, we should
go back to the Survival Amplitude of
the tritium, i.e. the S−matrix element
for finding the tritium in the out-going
state with momentum P ′ and spin s′
given a tritium in the in-coming state
<< P ′, s′; out|P ′, s; in >>=< P ′, s′; out| T (e−i
R
Hintdt) |P ′, s; in > (5)
To second order in weak interactions, we have
1
τ
δs′s = lim
T→∞
1
T
Re
∫ +T/2
−T/2
∫ +T/2
−T/2
dxodyo
∫
d3xd3y
< P ′s′; out| T (Hint(x) Hint(y)) |P ′s; in > (6)
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and the real part may be obtained by the replacement of all internal lines of mo-
mentum pi according to the Cutkosky rule (Ref 6)
1
p2i −m2i + iǫ
−→ −2πi δ+(p2io − ~pi 2 +m2i ) = −
2πi
2ω
δ(pio − ω) (7)
This rule comes about when we recognize that it is the positive energy pole of the
propagator at pio = ω ≡
√
~pi 2 +m2i that contributes to the dpio integral, and for
the discontinuity, we compare it with the same loop integral with m2i + iǫ, so that
the discontinuity is given by
1
p2i −m2i + iǫ
− 1
p2i −m2i − iǫ
= −2πi
2ω
δ(pio − ω) (8)
What happens to this rule for a tachyonic neutrino ?
By analytic continuation from m2 −→ −M2 in eq.(8), we expect a new contri-
bution from complex energies associated with the momenta ~q 2 <M2. To evaluate
this new contribution, we focus on the neutrino propagator in the neighborhood of
the positive energy pole and find the discontinuity to be
1
q2 +M2 + iǫP (q)−
1
q2 +M2 − iǫP (q) =
1
(qo + iκ)(−2iκ)P (qo = −iκ)
− 1
(qo − iκ)(2iκ)P (qo = +iκ) (9)
Here we have included P (q), a polynomial in the momenta that comes from the
spin sum traces, and we have used
√
~q 2 − (M2 ± iǫ) = ∓iκ, with κ ≡
√
M2 − ~q 2.
And so, even though there are complex energies that lead to exponential run-away
modes, we find byM2±iǫ analytic continuation that it is the exponentially damped
transients that contribute to the decay lifetime.
6. Tritium β-decay
To investigate these issues, we take the effective interaction Hamiltonian responsible
for tritium β-decay to be given by (ψN refers to the tritium field)
Hint =
GF√
2
ψ
P
γµ(1 + γ
5) ψ
N
· ψeγµ(1 + γ5) ψν + h.c. (10)
By inserting the tachyonic propagatorb for the neutrino field(for ease of notation,
we have simply replaced M by mν)
< T (Ψν(x)Ψν(y)) >=
1
i
∫
d4q
(2π)4
γ · qγ5 +mν
q · q +m2ν + iǫ
e−iq·(x−y) (11)
bIt can be verified that the propagator in eq.(11) satisfies the equation of motion in eq.(3), with
the vacuum expectation value of the equal time anti-commutator given by eq.(4).
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into eq.(6), and performing the space-time integrals, we find that only exponential
decay solutions enter in the time-ordered functions, and obtain the result
1
τ
=
1
(2P ′o)
∫
d3P
(2π)3(2Po)
d3p
(2π)3(2po)
d3q
(2π)3
(2π)3δ3(P ′ − P − p− q)
{
2π
2ω
δ(P ′o − Po − po − ω)
∑
|M |2
∣∣∣
qo=ω
θ(~q · ~q −m2ν)
+
i
(P ′o − Po − po + iκ)(−2iκ)
∑
|M |2
∣∣∣
qo=−iκ
θ(m2ν − ~q · ~q)
− i
(P ′o − Po − po − iκ)( 2iκ)
∑
|M |2
∣∣∣
qo=+iκ
θ(m2ν − ~q · ~q)
}
(12)
Here the matrix element squared,
∑ |M |2, is given by∑
|M |2 = 128 G2F M ′2 qo po (13)
and ω ≡
√
~q · ~q −m2ν ≥ 0 is the physical neutrino energy for spacelike momenta
while κ ≡
√
m2ν − ~q · ~q is related to the inverse lifetime of the transient mode.
Eq.(12) gives the full contribution to the decay life-time due to the tachyonic
pole in the propagator (qµ ·qµ+m2ν). The energy conserving delta function gives the
familiar contribution due to physical spacelike neutrino momenta. The new term
arising from the transient modes is a Breit-Wigner like enhancement at x = 0 (see
eq.(16)). For very small mν , this Breit-Wigner term may be approximated by
2κ
x2 + κ2
−→ 2πδ(x) (14)
However, for small but finitemν , the transient contribution is not energy conserving,
and so there is an excess even for x < 0, with a width of the order of mν . (See fig.
6 ).
7. Complete Decay Spectrum
Upon performing the integration over neutrino momenta, the final expression for
the lifetime takes the form (∆ ≡M ′ −M)
1
τ
= G2F ·
4
π3
∫ ∆−me
−|xres|
dx p (∆− x)
{
x ·
√
m2ν + x
2 · θ(x)
+
m4ν
4
(
|x|+
√
x2 +m2ν
)2

 (15)
In this expression, we have introduced the variable, x,
x ≡ Emax − E = ∆− E (16)
Note that the lower limit of the dx integration depends on the experimental resolu-
tion for Emax. Electrons with x below the lower limit, −|xres|, would have energy
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Fig. 6. Total spectrum for Tachyonic Neutrino
E > Emax where
E = ∆+ |xres| ≡ Emax + |xres| (17)
Such electrons are indistinguishable from background non-decay events, and are
thus not included in the decay counting rate.
It may appear surprising if not disconcerting at first sight that the lifetime given
in eq.(6) should depend on the experimental resolution on the tritium energy. Where
did this dependence on the experimental resolution come from? The answer is that
the state-vector, |P ′, s′; in > is itself an idealization of what is afterall a resonance,
and events with electron energies far exceeding Emax would be counted as being
part of the background rather than as having come from the tritium.
Finally, for completeness, we evaluate the total transient contribution to the
tritium lifetime in the mν → 0 approximation
1
τ
∣∣
transient
=
4G2F
3π2
pmax ∆ ·m3ν (18)
where pmax =
√
∆2 −m2e.
8. Conclusion
The neutrino mass has been an elusive quantity ever since it was conceived by Pauli
in 1930, and officially ‘born’ at the Solvay Congress in 1933. That even today we
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are talking about it is testimony to how elusive the neutrino truly is. While all the
neutrino oscillation data have proven that the neutrinos are massive, the actual
nature of the electron neutrino cannot be measured by oscillation alone. Only the
tritium end-point measurements can shed light on its mystery. The heroic (and
largely unsung) efforts by the nuclear physicists in the KATRIN group deserve our
respect and our encouragement, for they are forced to forego attention and to be
patient as they pursue ever increasing sensitivity in their endpoint measurements.
Their data taking is expected to last 5 - 6 years !
What I have presented here at this PAQFT08 conference is but a small wrinkle
to the complete decay spectrum that can help unravel this elusive electron neutrino
mass.
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